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Abstract

Current clinical research suggests that fatty acid‐binding protein 4 inhibitors (FABP4is),

which are of biological and therapeutic interest, may show potential in treating cancer and

other illnesses. We sought to uncover new structures through the optimization of the

previously reported 4‐amino and 4‐ureido pyridazinone‐based series of FABP4is as part

of a larger research effort to create more potent FABP4 inhibitors. This led to the

identification of 14e as the most potent analog with IC50 =1.57μM, which is lower than

the IC50 of the positive control. Advanced modeling investigations and in silico absorption,

distribution, metabolism, and excretion ‐ toxicity calculations suggested that 14e

represents a potential candidate for in vivo studies such as FABP4i.

K E YWORD S
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1 | INTRODUCTION

Organic carboxylic acids with a long carbon chain known as fatty acids

(FAs) have several roles in the body.[1,2] Their persistently high quantity in

the bloodstream causes a variety of diseases,[3,4] including atherosclerosis,

diabetes, and obesity. FAs are insoluble in water, due to the high

lipophilicity of their chemical structure, and they must be transported into

biological fluids by specific carriers so‐called fatty acid‐binding proteins

(FABPs).[5] Based on the location where they are found in the human

body, FABPs have been classified into various families: A‐FABP

(adipocyte), B‐FABP (brain), E‐FABP (epidermal), H‐FABP (muscle and

heart), I‐FABP (intestinal), Il‐FABP (ileal), L‐FABP (liver), M‐FABP (myelin),

and T‐FABP (testis). FABP4 (aP2 or A‐FABP) is the subtype predomi-

nantly expressed in adipocytes. When it was revealed that FABP4

knockout animal models showed protective effects against the develop-

ment of insulin resistance as well as several pathological events linked to

metabolic syndrome and atherosclerosis, research into small molecule

inhibitors for this protein was first launched. Significantly, pharmacological

therapies based on compounds that block the FABP4's normal activity are

equally effective in this regard, showing comparable outcomes to genetic
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methods by simulating the phenotype of FABP4‐deficient animals.[6] The

development of cancer would also appear influenced by this family of

transporter proteins,[7] since several malignancies, including renal cell

carcinoma, bladder cancer, prostate cancer, as well as other types of

cancer cells, express FABPs nonphysiologically.[8–10] Moreover, it was

recently reported that FABP4 facilitates colon cancer metastasis and

invasion and that administration of a conventional FABP4 small molecule

inhibitor (BMS309403) reduced colon cancer cells' ability to migrate and

invade.[11] Additionally, FABP4 causes irregular metastatic patterns in

ovarian cancer, and new studies show that the protein plays a role in the

aggressiveness of this type of tumor, generating complications for its

prognosis and treatment.[12] Overall, this new body of evidence in the

context of cancer research suggests that FABP4 targeting could offer

new opportunities in the treatment of oncological conditions, in addition

to the recognized effects on metabolic and cardiovascular conditions.

Nevertheless, there are no FABP4 inhibitors (FABP4is) under clinical

investigation at the present time.[6,13] A potential and efficient tool for

finding chemical hits such as FABP4i is computer‐aided drug design.[14–16]

In line with our research focus in the discovery of novel bioactive

heterocycles and the development of new anticancer agents,[17,18] in this

article, we describe the design, synthesis, and in vitro testing of novel

heterocyclic small‐molecule series as FABP4is, derived from the structural

optimization of our recently reported 4‐amino and 4‐ureido pyridazinone‐

based inhibitors.[19]

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

2.1.1 | Heterocyclic small‐molecule design

As shown in Figure 1, recently we took use of a two‐step

computationally assisted molecular design to find novel FABP4i

scaffolds starting from the bioisosteric‐replacement/scaffold‐hopping

of the pyrimidine core of the cocrystallized ligand (i.e., 2‐[(2‐oxo‐

2‐piperidin‐1‐ylethyl)sulfanyl]‐6‐(trifluoromethyl)pyrimidin‐4‐ol; PBDID:

1TOU). Our examination of bioisosteric replacement resulted in the

choice of 4‐amino and 4‐ureido pyridazinone as a suitable scaffold to

develop a series of FABP4is with low micromolar activities.[19] In this

work we have further optimized the structure of the identified scaffold,

leading to new inhibitors with increased potency. We have carried out a

scaffold hopping analysis as reported in Figure 1 and then scored the

compounds with Molecular Mechanics Poisson‐Boltzmann Surface Area

(MM/PBSA) calculations, as described in the section (see Supporting

Information Material for details of the selection criteria for the in vitro

evaluation of the compounds). This approach has enabled the selection

of 25 target molecules. The compounds were then synthesized and the

13 predicted as most active (see Supporting Information: Table S1) were

screened against FABP4 in vitro. The chemical structures of the new

series of compounds are reported in Tables 1 and 2.

2.1.2 | Chemistry

All intermediates and final compounds were synthesized as reported

in Schemes 1–3 and the structure were confirmed on the basis of

analytical and spectral data.

Scheme 1 shows the synthetic pathways affording the final

products of type 3, 6, and 7, in which position 2, 4, 5, and 6 of

pyridazinone were suitably modified to introduce selected residues of

interest. For the synthesis of compounds 3a–h, intermediates

1a–c[20–22] were reacted with cerium ammonium nitrate (CAN) in a

mixture of 50% AcOH and 65% HNO3, adopting a previously

established procedure,[23] affording intermediates 2a,b[22,24] and the

new 2c. The displacement of the nitro group with suitable alkyl‐ or

heteroarylamine lead to the desired final compounds of type 3. For

the synthesis of final compounds 7a,b, the intermediate 1c[22] was

converted into compound 4 adopting previously established reduc-

tion conditions with ammonium formate and 10% Pd/C in EtOH.[25]

Subsequently, the treatment of 4 with bromine and 47% HBr in

glacial acetic acid afforded intermediate 5, which was reacted with

thioacetamide in ethanol to give the final compound 6. Compounds

7a,b were then obtained from 6 through coupling reaction with the

appropriate aryl boronic acid in the presence of dry cupric acetate

and triethylamine in anhydrous CH2Cl2.

In Scheme 2 is reported the synthesis of the final compounds

11a,b featuring a pyridazine scaffold in the place of the pyridazinone.

F IGURE 1 Computer‐aided design of the new scaffolds shown schematically. Y = O, S. X = NH, CH2.
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Intermediate 8[26] was treated with the suitable alcoholate to give the

isoxazolopyridazines 9a,b (for 9b[26]). The reductive cleavage with 10%

Pd/C in Parr instrument at 60 Psi gave 4‐amino‐5‐acetyl derivatives

10a,b, which were in turn coupled with 3‐chlorophenylboronic acid

following the same conditions previously described for 7a,b.

Scheme 3 depicts the synthetic procedures adopted to obtain

the final products 14a–h, 15, 16a,b, and 17, showing various

functional groups in position 4 of the pyridazinone. Through

condensation with the appropriate aromatic aldehyde in the presence

of KOH, dihydropyridazinones 12a,b[27] were firstly converted into

the previously described 4‐benzyl derivatives 13a–g[28–32] and in the

new analogs 13h–j. Subsequently, compounds of type 13 were finally

alkylated with ethyl bromide in anhydrous dimethylformamide (DMF)

under standard conditions to give final compounds 14a–h and 16a,b.

For 16a,b, these reaction conditions produced also the esterification

of the carboxylic group in the para (13i) or ortho (13j) position of the

benzyl group, simultaneously to the alkylation of N–1 on the

pyridazinone. Lastly, compound 15 was obtained from intermediate

14c through treatment with Lawesson's reagent in anhydrous

toluene, while the hydrolysis of 16a with 6 N NaOH in EtOH

afforded the final compound 17.

2.2 | FABP4 inhibition evaluation

The reduction in fluorescence signal of when a powerful FABP4

ligand displaces a detection reagent (DR), was used to measure the

FABP4 inhibitory activity. When bound to FABP4, the DR displays a

higher fluorescence intensity. Therefore, a decrease in the fluores-

cence read‐out is caused by any ligand that can successfully bind to

the same binding pocket and has the ability to displace the DR. The

new molecular series was examined in two steps. First, an assessment

of the inhibitory effect of all the compounds was obtained using a

single dose of 5 µM. Then, only the substances that could lower the

fluorescence reading by at least 95% were assessed further, by

measuring the IC50 values (µM), which were then contrasted with the

arachidonic acid's activity (i.e., FABP4 established ligand). Figure 2

reports the single‐point displacement results. Based on the data of

the first screening, four molecules were selected as the analogs with

higher efficacy—that is, able to reduce the fluorescence of the DR to

at least 95%, worth to be progressed to IC50 calculation. In IC50

experiments, using arachidonic acid as a positive control, IC50 of

3.30 µM was obtained. Table 3 lists the IC50 values for the

compounds in our set. Molecule 14e revealed a strong inhibitory

effect, with an IC50 value (i.e., 1.57 µM) value lower than the standard

arachidonic acid and lower than the previous FABP4i that we had

found (compound A,[19] Figure 1).

TABLE 1 Structures of final compounds of type 3, 6, 7, 14, 15,
and 17.

Comp. R R1 R2 R3 X Y

3a CH2Ph Ph COCH3 C2H5 NH O

3b CH2Ph Ph COCH3 iC3H7 NH O

3c CH2Ph Ph COCH3 CH3 NH O

3d C2H5 Ph COCH3 adamantan‐1‐yl NH O

3e C2H5 Ph COCH3 CH2‐3‐Py NH O

3f C2H5 Ph COCH3 CH2−2‐Py NH O

3g C2H5 Ph COCH3 (CH2)2−2‐Py NH O

3h C2H5 CH3 COCH3 3‐Py NH O

6 C2H5 CH3 thiazol‐4‐yl H NH O

7a C2H5 CH3 thiazol‐4‐yl 4‐CN‐Ph NH O

7b C2H5 CH3 thiazol‐4‐yl 3,4,5‐F‐Ph NH O

14a C2H5 Ph H Ph CH2 O

14b C2H5 Ph H 3‐F‐Ph CH2 O

14c C2H5 Ph H 3‐Cl‐Ph CH2 O

14d C2H5 Ph H 3‐Br‐Ph CH2 O

14e C2H5 Ph H 3‐OCH3‐Ph CH2 O

14f C2H5 Ph H 2‐OCH3‐Ph CH2 O

14g C2H5 Ph H naphtalen‐2‐yl CH2 O

14h C2H5 4‐F‐Ph H 3‐Cl‐Ph CH2 O

15 C2H5 Ph H 3‐Cl‐Ph CH2 S

16a C2H5 Ph H 4‐COOEt‐Ph CH2 O

16b C2H5 Ph H 2‐COOEt‐Ph CH2 O

17 C2H5 Ph H 4‐COOH‐Ph CH2 O

TABLE 2 Structures of the final compounds 11a,b.

Comp. R

11a CH3

11b C2H5
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SCHEME 1 Synthesis of compounds 3a–h, 6, and 7a,b. Reagents and conditions: (a) CAN, 50% AcOH, 65% HNO3, 55°C, 30min. (b) Alkyl
or heteroarylamine, EtOH, r.t., 30 min–2 h. (c) HCOONH4, 10% Pd/C, EtOH, reflux, 1 h. (d) 47% HBr, glacial AcOH, Br2, 50°C, 90min.
(e) Thioacetamide, EtOH, reflux, 1 h. (f) Aryl boronic acid, anhydrous cupric acetate, triethylamine, activated molecular sieves, anhydrous CH2Cl2,
r.t., 5–24 h.

SCHEME 2 Synthesis of compounds 11a,b. Reagents and conditions: (a) RONa, abs. EtOH, r.t., 3 h. (b) 10% Pd/C, EtOH, Parr instrument at
60 PSI, r.t., 5 h. (c) 3‐Chlorophenylboronic acid, anhydrous cupric acetate, triethylamine, activated molecular sieves, anhydrous CH2Cl2, r.t.,
3–4 h.
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SCHEME 3 Synthesis of compounds 14a–h, 15, 16a,b, and 17. Reagents and conditions: (a) 5% (w/v) KOH, abs. EtOH, 2‐ or 4‐
carboxybenzaldehyde, r.t., 1‐2 h. (b) Ethyl bromide, K2CO3, anhydrous DMF, 80°C, 1 h. (c) Lawesson's reagent, anhydrous toluene, reflux,
7 h. (d) 6 N NaOH, EtOH, r.t., 1 h.

F IGURE 2 Single point displacement
experiment for selected compounds.
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2.3 | Molecular docking and ADMET prediction

Since the first apo‐FABP crystal structure was published in 1992,

numerous different holo‐FABP structures with a variety of ligands

have been discovered. It is now established, that the side chains of

the FABP hydrophobic pocket form a hydrogen bond with the

carboxylate of the FAs toward various amino acidic residues.

Furthermore, these interactions may be mediated by a network of

water molecules. Figure 3 shows the interactions for the most active

compounds identified in this study—that is, 3e, 11a, 14c, and 14e

(two‐dimensional [2D] interactions are reported in the Supporting

Information: Figures S1–S4). Each compound has many interactions

with the appropriate residues in the binding pocket, for instance,

Y128 and R106. As shown in the Figure 3, compounds 3e, 14c, and

14e prefer a binding pose where the carbonyl of the central core

interacts with R126 and the other aromatic rings are allocated in the

additional hydrophobic pockets, in a binding pose similar to that of

the starting reference compound (Figure 1). In contrast, analog 11a

does not interact with R126, rather a hydrogen bond is formed

between this analog and S53 (See Supporting Information: Figure S2).

This missing interaction with R126 may explain the compound's

decreased activity, as seen by the lower binding energy interaction.

The stability over time of the most potent molecule was further

investigated by molecular dynamic (MD) experiments. One hundred

nanoseconds of simulation were run in explicit water at neutral pH (7.4)

as described in the experimental part. The results of the simulation

confirmed that molecule 14e is able to maintain the binding poses over

time, as determined by the calculated root mean square deviation (RMSD)

that maintain a constant level (Figure 4), after the initial stabilization of the

starting structure (0 ns). As expected, the protein structure is also not

influenced by the binding of molecule 14e, confirming a certain degree of

stability of the protein‐14e complex (see Supporting Information:

Figure S5). Using FABP3 crystallized protein,[33] the possible activity of

our compounds against FABP3 was investigated through docking studies.

To validate the calculation of the binding affinity we used five compounds

as reference for which the experimental Ki toward FABP3 was

reported.[34] The results have been reported in Supporting Information:

Table S4, fromwhich it is possible to deduce that our compounds 3e, 11a,

14c, and 14e have very low activity against FABP3.

By examining pharmacokinetic profiles and potential negative side

effects of 14e, the in silico assessment has been enhanced. The ability to

reach targets in bioactive form was assessed using the SwissADME

(http://swissadme.ch) and pkCSM (http://biosig.unimelb.edu.au/pkcsm/)

web platforms. SwissADME results are reported in Supporting Informa-

tion: Table S2 and pkCSM results are reported in Supporting Information:

TABLE 3 Measured IC50 values for selected compounds.

Compounds IC50 (µM)

3e 6.20 ± 0.42

11a 13.68 ± 0.54

14c 5.55 ± 0.22

14e 1.57 ± 0.26

Arachidonic acid 3.30 ± 0.27

F IGURE 3 3e (red), 11a (green), 14c (orange), and 14e (yellow) poses inside the binding pocket of fatty acid‐binding protein 4 (FABP4)
compared with the reference compound (blue; see Figure 1 for molecular structure).

6 of 14 | FLORESTA ET AL.
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Table S3. From these experiments, the compound results orally available

and moderately soluble in water. 14e resulted as a Pgp substrate and no

violation to the Lipinski rule of 5 is reported. Other four drug‐likeness

rules named Ghose, Egan, Veber, and Muegee, were simultaneously

satisfied. The result of the PAINS interference structures model assay,

that was designed to exclude molecules that are most likely to show false

positives in biological assays, did not point out any inconsistency. The

calculated absorption and distribution have been graphically represented

by the Edan–Egg model reported in Supporting Information: Figure S10

(Brain or IntestinaL EstimateD, BOILED‐Egg). The visual analysis of the

Edan–Egg model highlights that 14ewas predicted to passively permeate

the blood–brain barrier. Regarding the absorption parameters, the

compound presents a promising oral availability due to the optimal

Caco‐2 cell permeability and intestinal absorption. Additionally, the

molecule is anticipated to be available to interact with the pharmaceutical

target because of the plasma's high unbound proportion. The calculated

value of total clearance indicates that 14e has a good renal elimination

and is a substrate of the renal organic cation transporter 2. Lastly, the

compound did not pass the AMED toxicity test (and it could be

hepatotoxic), whereas no skin senitization is recorded. The max tolerated

human dose is 0.328 (log mg/kg/day).

3 | CONCLUSION

We have optimized a previous series of FABP4 inhibitors based on

4‐amino‐ and 4‐ureido‐pyridazinone scaffolds,[19] the design of which

was directed by bioisosteric‐replacements/scaffold hopping and

evaluated by MM/GBSA calculations. Twenty‐five new best‐scoring

molecules have been synthesized and the most active hits were

further biologically evaluated for their FABP4 inhibitory activity. The

structural optimization of our previous series led to the identification

of several new analogs (e.g., 3e, 11a, 14c, 14e) with higher FABP4

inhibitory activity (i.e., IC50 in the low micromolar range) than the

former compounds. In particular, 14e resulted in the most potent

analog, with IC50 = 1.57 μM, which is lower than the IC50 of the

positive control (arachidonic acid, IC50 = 3.30 µM). MD experiments

confirmed the capability of 14e to establish interactions with several

amino acids into FABP4 binding pocket, being this in agreement with

the higher activity recorded in vitro for 14e, in comparison to the

other analogs developed in this study. Lastly, in silico absorption,

distribution, metabolism, and excretion ‐ toxicity (ADMET) calcula-

tions suggested that 14e would be optimally absorbed, distributed,

metabolized, and excreted, as well as well adsorbed by the skin and

intestine, having the potential to enable topical and oral route of

administration during future in vivo studies as FABP4i.

4 | EXPERIMENTAL

4.1 | Chemistry

4.1.1 | General

All the chemical reagents were purchased from Merk and Sigma Aldrich

of reagent grade and were used without any further purification. Extracts

were dried over Na2SO4 and the solvents were removed under reduced

pressure. All reactions were monitored by thin layer chromatography

F IGURE 4 Solute RMSD from the starting structure as a function of simulation time. Fatty acid‐binding protein 4 (FABP4) in blue. 14e in red.
All the simulated system in green.
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(TLC) using commercial plates (Merck) precoated with silica gel 60 F‐254.

Visualization was performed by UV fluorescence (λmax = 254 nm) or by

staining with iodine or potassium permanganate. Chromatographic

separations were performed on silica gel columns by gravity (Kieselgel

40, 0.063–0.200mm; Merck) or flash chromatography (Kieselgel 40,

0.040–0.063mm; Merck). Yields refer to chromatographically and

spectroscopically pure compounds, unless otherwise stated. When

reactions were performed in anhydrous conditions, the mixtures were

maintained under nitrogen atmosphere. Compounds were named

following International Union of Pure and Applied Chemistry rules as

applied by Beilstein‐Institut AutoNom 2000 (4.01.305) or CA Index

Name. All melting points were determined on a microscope hot stage

Büchi apparatus and are uncorrected. 1H‐NMR and 13C‐NMR spectra

were obtained on a Bruker AVANCE 400 spectrometer at 400 and

100MHz respectively using 5mm internal diameter glass tubes. Chemical

shifts (δ) values are expressed as parts per million (ppm) using DMSO (d6)

(2.50 for proton and 39.52 for carbon), methanol (d4) (3.31 for proton and

49.00 for carbon) or CDCl3 (7.26 for proton and 77.16 for carbon) as

solvents. The coupling constants (J) are reported in Hertz. The following

splitting patterns are identified: s, singlet; d, doublet; t, triplet; m, multiplet,

or any combination of these, for example, dd, dt, and so on. Analytical

reversed‐phase high‐performance liquid chromatography (reversed‐phase

HPLC) was conducted out on HP 1050 instrument (Agilent Technologies)

to ascertain the chromatographic purity of compounds. The system

includes a quaternary pump, an autosampler, and a Kontron DEG 104

degasser (Kontron). A C18 column, Zorbax,80Å, 3.5μm, 2.1 ×100 mm

was used with a total run time of 30min. The mobile phase is composed

of 0.1% trifluoro acetic acid (TFA) in Milli‐QH2O and acetonitrile (ACN) at

a flow rate of 0.3mL/min with an injection volume was 10–30μm. The

compounds were detected at 281 and 254nm UV wavelengths. The

values of the retention times (tR) are given in minutes. All final compounds

progressed to biological tests resulted in a purity of ≥95%. Mass

spectrometry (LC‐MS) experiments were performed on all the samples.

The stock solutions (1mg/mL in MeOH) were diluted with 0.1% HCOOH

in MeOH/H2O (50:50) to a final concentration of 50µg/mL before

analysis. The instrument used consisted of a Thermo Accela LC system

interfaced to aThermo TSQ Access triple quadrupole mass spectrometer

with a heated electrospray Ionization source. The data were processed

with Xcalibur software (version 2.0). A total of 10µL of the sample were

analyzed in flow injection, with a flow rate of 0.2mL/min of mobile phase

0.1% HCOOC in MeOH/H2O (50:50). Parameters used for the analysis in

positive ion mode were: spray voltage 3500V; vaporizer temperature

300°C; sheath gas pressure 50 au; capillary temperature 350°C; capillary

offset 35. Microanalyses were performed with a Perkin‐Elmer 260

elemental analyzer for C, H, and N, and they were within ± 0.4% of the

theoretical values.

4.1.2 | Synthesis of 5‐acetyl‐2‐ethyl‐6‐methyl‐4‐
nitropyridazin‐3(2H)‐one 2c

CAN (6.20mmol) was portion‐wise added to a stirred suspension of

isoxazolo[3,4‐d]pyridazinone 1c[22] (0.78mmol) in a mixture of 50%

AcOH (5mL) and 65% HNO3 (1mL) at 55°C over a period of 30min.

The addition of ice water (20 mL) produced a suspension which was

extracted with CH2Cl2 (3 × 10mL). After evaporation of the solvent

the residue was purified by column chromatography using cyclo-

hexane/ethyl acetate 1:2 as eluent. Yield = 57%; mp = 103–107°C

(EtOH). 1H‐NMR (400MHz, CDCl3) δ 4.31 (q, J = 7.2 Hz, 2H, CH2,),

2.59 (s, 3H, CH3CO), 2.34 (s, 3H, C6–CH3), 1.43 (t, J = 7.2 Hz, 3H,

CH3). Anal. Calcd C9H11N3O4 (225.20): C, 48.00; H, 4.92; N, 18.66;

found: C, 48.11; H, 4.91; N, 18.61.

4.1.3 | General procedure for the synthesis
of compounds 3a–h

To a stirred solution of suitable 5‐acetyl‐4‐nitropyridazin‐3(2H)‐one

of type 2 (2a[24]; 2b[22]) (0.34 mmol) in 2–3mL of ethanol, the

appropriate alkyl‐ or heteroaryl‐ amine (0.34–0.68mmol) was added

portion‐wise. The resulting mixture was stirred at room temperature

for 30 min to 2 h. For compound 3d, the mixture was refluxed for 3 h.

After cooling, the final product was collected by filtration and

recrystallized from ethanol. For compounds 3a, 3b, and 3 g, after the

concentration of the solvent, water was added (10mL) and the

mixture was extracted with CH2Cl2 (3 × 15mL). The organic phase

was dried over Na2SO4 and evaporated to give the final compounds,

which were purified by flash chromatography using cyclohexane/

ethyl acetate 3:1 (for 3a,b) and cyclohexane/ethyl acetate 1:2 (for

3 g) as eluents.

5‐Acetyl‐2‐benzyl‐4‐(ethylamino)‐6‐phenylpyridazin‐3(2H)‐one (3a)

Yield = 40%; mp = 93–95°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

7.60–7.22 (m, 10H, Ar), 7.12 (exch br s, 1H, NH), 5.35 (s, 2H,

CH2‐Ph), 3.32 (q, J = 7.2 Hz, 2H, CH2), 1.88 (s, 3H, COCH3), 1.23

(t, J = 7.2 Hz, 3H, CH3). Anal. Calcd C21H21N3O2 (347.42): C, 72.60;

H, 6.09; N, 12.10; found: C, 72.38; H, 6.08; N, 12.13.

5‐Acetyl‐2‐benzyl‐4‐(isopropylamino)‐6‐phenylpyridazin‐3(2H)‐

one (3b)

Yield = 30%; mp = 126–128°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

7.85 (exch br s, 1H, NH), 7.60–7.23 (m, 10H, Ar), 5.36 (s, 2H,

CH2‐Ph), 4.42 (m, 1H, CH), 1.86 (s, 3H, COCH3), 1.21 (s, 3H, CH3),

1.19 (s, 3H, CH3). Anal. Calcd C22H25N3O2 (361.45): C, 73.11; H,

6.41; N, 11.63; found: C, 73.29; H, 6.40; N, 11.66.

5‐Acetyl‐2‐benzyl‐4‐(methylamino)‐6‐phenylpyridazin‐3(2H)‐

one (3c)

Yellow‐colored solid, mp = 153–155°C (EtOH). Yield = 34%. 1H‐NMR

(400MHz, CDCl3) δ 7.49 (s, 1H, NH), 7.47 (s, 1H, Ar), 7.43–7.39

(m, 5H, Ar), 7.36–7.29 (m, 4H, Ar), 5.33 (s, 2H, CH2), 2.94 (s, 3H, CH3),

1.88 (s, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 202.21, 137.31,

136.36, 129.28, 128.90, 128.77, 128.67, 128.00, 56.02, 33.32,

32.50. MS‐ESI for C20H19N3O2 (calcd. 333.15), [M+H]+ at m/z

333.92. Anal. Calcd C20H19N3O2 (333.39): C, 72.05; H, 5.74; N,

12.60; found: C, 72.24; H, 5.73; N, 12.57.
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5‐Acetyl‐4‐[((3 s,5 s,7 s)‐adamantan‐1‐yl)amino]‐2‐ethyl‐6‐

phenylpyridazin‐3(2H)‐one (3d)

Yield = 56%; mp = 124–125°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

9.08 (exch br s, 1H, NH), 7.45 (s, 5H, Ar), 4.25 (q, J = 7.6Hz, 2H, CH2),

2.21–2.02 (m, 9H, adamant), 1.80 (s, 3H, COCH3), 1.71–1.60 (m, 6H,

adamant), 1.41 (t, J = 7.6Hz, 3H, CH3). Anal. Calcd C24H29N3O2

(391.52): C, 73.63; H, 7.47; N, 10.73; found: C, 73.81; H, 7.46; N, 10.70.

5‐Acetyl‐2‐ethyl‐6‐phenyl‐4‐[(pyridin‐3‐ylmethyl)amino]pyridazin‐

3(2H)‐one (3e)

Yellow‐colored solid, mp = 162–163°C (EtOH). Yield = 58%. 1H‐NMR

(400MHz, CDCl3) δ 8.54 (s, 2H, Ar), 8.02 (exch br s, 1H, NH), 7.70 (d, J =

8.0Hz, 1H, Ar), 7.41–7.33 (m, 6H, Ar), 4.77 (d, J = 6.4Hz, 2H, CH2), 4.23

(q, J = 7.2Hz, 2H, CH2), 1.58 (s, 3H, COCH3), 1.41 (t, J = 7.2Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 202.07, 155.89, 148.30, 148.16, 146.36,

140.79, 137.54, 136.45, 134.46, 129.39, 129.00, 128.64, 124.16,

113.71, 47.70, 46.33, 32.27, 13.45. MS‐ESI for C20H20N4O2 (calcd.

348.16), [M+H]+ at m/z 349.04, tR = 10.453. Anal. Calcd C20H20N4O2

(348.16): C, 68.95; H, 5.79; N, 16.08; found: C, 68.77; H, 5.78; N, 16.04.

5‐Acetyl‐2‐ethyl‐6‐phenyl‐4‐[(pyridin‐2‐ylmethyl)amin]pyridazin‐

3(2H)‐one (3f)

Yield = 42%; mp = 138–140°C (EtOH). 1H‐NMR (400MHz, CDCl3)

δ 8.77 (exch br m, 1H, NH), 8.65 (m, 2H, Ar), 7.44–7.29 (m, 1H, Ar),

7.41 (s, 5H, Ar), 7.27 (m, 2H, Ar), 4.71 (d, 2H, J = 4.8 Hz, CH2), 4.28 (q,

J = 7.4 Hz, 2H, CH2), 1.81 (s, 3H, COCH3), 1.43 (t, J = 7.4 Hz, 3H,

CH3). Anal. Calcd C20H20N4O2 (348.16): C, 68.95; H, 5.79; N, 16.08;

found: C, 68.79; H, 5.80; N, 16.03.

5‐Acetyl‐2‐ethyl‐6‐phenyl‐4‐{[2‐(pyridin‐2‐yl)ethyl]amino}pyridazin‐

3(2H)‐one (3g)

Yield = 90%; oil. 1H‐NMR (400MHz, CDCl3) δ 8.57 (m, 2H, Ar), 7.78

(exh br m, 1H, NH), 7.65 (m, 1H, Ar), 7.39 (s, 5H, Ar), 7.26–7.14 (m, 2H,

Ar), 4.71 (d, J = 4.8Hz, 2H, N‐CH2), 4.25–4.14 (q, J = 7.2Hz, 2H, CH2),

3.77–3.68 (m, 2H, N‐CH2), 3.16–3.09 (t, J = 6.6Hz, 2H CH2), 1.86 (s, 3H,

COCH3), 1.37 (t, J = 7.2Hz, 3H, CH3). Anal. Calcd C21H22N4O2 (362.17):

C, 69.59; H, 6.12; N, 15.46; found: C, 69.78; H, 6.11; N, 15.42.

5‐Acetyl‐2‐ethyl‐6‐methyl‐4‐(pyridin‐3‐ylamino)pyridazin‐3(2H)‐

one (3h)

Yield = 43%; mp = 156–158°C (EtOH). 1H‐NMR (400MHz, CDCl3)

δ 8.64 (exh br s, 1H, NH), 8.37 (m, 2H, Ar), 7.45 (m, 2H, Ar), 4.24–4.15

(q, J = 7.2 Hz, 2H, CH2), 2.23 (s, 3H, C6–CH3), 2.14 (s, 3H, CH3CO),

1.44–1.37 (t, J = 7.2 Hz, 3H, CH3). Anal. Calcd C14H16N4O2 (372.31):

C, 61.75; H, 5.92; N, 20.58; found: C, 61.92; H, 5.94; N, 20.52.

4.1.4 | Synthesis of 5‐acetyl‐4‐amino‐2‐ethyl‐6‐
methylpyridazin‐3(2H)‐one 4

A mixture of 6‐ethyl‐3,4‐dimethylisoxazolo[3,4‐d]pyridazin‐7(6H)‐one

1c (1.29mmol),[22] 10% Pd/C (62mg) and ammonium formate (4mmol)

in ethanol (5mL) was refluxed for 1 h. After the addition of CH2Cl2

(10mL) the catalyst was filtered off and the solvent was removed

under reduced pressure to yield compound 4, which was purified by

crystallization from ethanol. Yield = 98%; mp= 102–104°C (EtOH). 1H‐

NMR (400MHz, CDCl3) δ 7.74 (exh br s, 2H, NH2), 4.16–4.05 (q, J =

7.2Hz, 2H, CH2), 2.54 (s, 3H, C6‐CH3), 2.48 (s, 3H, CH3CO), 1.33 (t, J =

7.2Hz, 3H, CH3). Anal. Calcd C9H13N3O2 (195.22): C, 55.37; H, 6.71;

N, 21.52; found: C, 55.23; H, 6.72; N, 21.59.

4.1.5 | Synthesis of 4‐amino‐5‐(2‐bromoacetyl)‐2‐
ethyl‐6‐methylpyridazin‐3(2H)‐one 5

To a stirred solution of compound 4 (0.80mmol) and a catalytic amount

of 47% HBr in glacial acetic acid (2.5mL), a solution of Br2 (0.80mmol)

in glacial acetic acid (1.5mL) was portion‐wise added over 30min. The

mixture was heated to 50°C for 90min. After cooling ice‐cold water was

added and the precipitate was recovered by filtration. Yield = 92%; mp =

120–121°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ 7.82 (exh br s, 2H,

NH2), 4.40 (s, 2H, CH2Br), 4.16 (q, J = 7.2Hz, 2H, CH2), 2.61 (s, 3H, C6‐

CH3), 1.40 (t, J = 7.2Hz, 3H, CH3). Anal. Calcd C9H12BrN3O2 (274.12):

C, 39.44; H, 4.41; N, 15.33; found: C, 39.56; H, 4.40; N, 15.30.

4.1.6 | Synthesis of 4‐amino‐2‐ethyl‐6‐methyl‐5‐(2‐
methylthiazol‐4‐yl)pyridazin‐3(2H)‐one 6

A suspension of 5 (0.65mmol) and thioacetamide (0.65mmol) in 5mL of

ethanol was refluxed for 1 h. After cooling, ice‐cold water was added

and the suspension was extracted with CH2Cl2 (3 × 10mL). After

evaporation of the solvent, the final compound was recovered and

purified by crystallization from ethanol. Yield = 77%; mp= 134–136°C

(EtOH). 1H‐NMR (400MHz, CDCl3) δ 7.25 (s, 1H, Ar), 5.85 (exh br s, 2H,

NH2), 4.20 (q, J = 7.2Hz, 2H, CH2), 2.78 (s, 3H, CH3), 2.61 (s, 3H,

C6–CH3), 1.37 (t, J = 7.2Hz, 3H, CH3). Anal. Calcd C11H14N4OS

(250.32): C, 52.78; H, 5.63; N, 22.38; found: C, 52.92; H, 5.63; N, 22.44.

4.1.7 | General procedure for the synthesis
of compounds 7a,b

A mixture of compound 6 (0.44 mmol), suitable arylboronic acid

(0.88mmol), anhydrous cupric acetate (0.66mmol), triethylamine

(0.88mmol), and activated molecular sieves (700mg, 4 Å) in dry

dichloromethane (10mL) was stirred at room temperature for 5–24 h.

The reaction mixture was filtered and washed with 33% NH3

(5mL × 2) and with water (10mL × 2). The solvent was removed

under reduced pressure. The resulting residue was purified by

crystallization from ethanol.

4‐{[2‐Ethyl‐6‐methyl‐5‐(2‐methylthiazol‐4‐yl)‐3‐oxo‐2,3‐

dihydropyridazin‐4‐yl]amino}benzonitrile (7a)

Yellow‐colored solid, mp = 196–198°C (EtOH). Yield = 50%. 1H‐NMR

(400MHz, CDCl3) δ 7.82 (exch br s, 1H, NH), 7.29 (s, 2H, Ar), 6.82
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(s, 1H, Ar), 6.73 (d, J = 8.7 Hz, 2H, Ar), 4.27 (q, J = 7.2 Hz, 2H, CH2),

2.60 (s, 3H, CH3), 2.26 (s, 3H, CH3), 1.43 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 188.83, 177.62, 167.83, 152.74,

143.14, 132.17, 120.79, 120.59, 119.02, 114.99, 47.61, 21.31,

18.98, 13.65. MS‐ESI for C18H17N5OS (calcd. 351.12), [M+H]+ at

m/z 351.98, tR = 12.345. Anal. Calcd C18H17N5OS (351.43): C, 61.52;

H, 4.88; N, 19.93; found: C, 61.68; H, 4.89; N, 19.98.

2‐Ethyl‐6‐methyl‐5‐(2‐methylthiazol‐4‐yl)‐4‐[(3,4,5‐trifluorophenyl)

amino]pyridazin‐3(2H)‐one (7b)

Yield = 32%; mp = 162–164°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

7.62 (exh br s, 1H, NH), 6.73 (s, 1H, Ar), 6.35 (m, 2H, Ar), 4.23 (q, J =

7.4 Hz, 2H, CH2), 2.61 (s, 3H, CH3), 2.17 (s, 3H, C6‐CH3), 1.41 (t, J =

7.4 Hz, 3H, CH3). Anal. Calcd C17H15F3N4OS (380.39): C, 53.68; H,

3.97; N, 14.73; found: C, 53.54; H, 3.98; N, 14.70.

4.1.8 | Synthesis of 7‐ethoxy‐3‐methyl‐4‐
phenylisoxazolo[3,4‐d]pyridazine 9b

A solution of compound 8[26] (0.38mmol) and EtONa (5 mmol) in

10mL of absolute EtOH was stirred at room temperature for 3 h.

After neutralization with acetic acid, the mixture was concentrated to

a reduced volume. After cooling, the precipitate was recovered by

suction and recrystallized from ethanol. Yield = 85%; mp > 300°C

(EtOH). 1H‐NMR (400MHz, CDCl3) δ 7.65–7.54 (m, 5H, Ar), 4.80

(q, J = 7.2 Hz, 2H, CH2), 2.69 (s, 3H, CH3), 1.58 (t, J = 7.0 Hz, 3H,

CH3). Anal. Calcd C14H13N3O2 (255.10): C, 65.87; H, 5.13; N, 16.46;

found: C, 66.05; H, 5.14; N, 16.49.

4.1.9 | General procedure for the synthesis
of compounds 10a,b

Compounds 9a,b (0.60 mmol) were subjected to catalytic reduction

with 10% Pd/C (0.06mmol) in EtOH (30mL) for 5 h in a Parr

instrument at 60 PSI. The catalyst was filtered off and the solvent

was evaporated under vacuum to obtain the desired final compounds

which were crystallized from ethanol.

1‐(5‐Amino‐6‐methoxy‐3‐phenylpyridazin‐4‐yl)ethan‐1‐one (10a)

Yield = 76%; mp = 88–91°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

7.58–7.54 (m, 5H, Ar), 1.84 (s, 3H, COCH3), 6.44 (exch br s, 2H, NH2),

4.20 (s, 3H, OCH3). Anal. Calcd C13H13N3O2 (243.27): C, 64.19; H,

5.39; N, 17.27; found: C, 64.01; H, 5.41; N, 17.31.

1‐(5‐Amino‐6‐ethoxy‐3‐phenylpyridazin‐4‐yl)ethan‐1‐one (10b)

Yield = 82%; mp = 94–96°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

7.54–7.47 (m, 5H, Ar), 6.42 (exch br s, 2H, NH2), 4.66 (q, J = 7.0 Hz,

2H, CH2), 1.78 (s, 3H, COCH3), 1.51 (s, J = 7.0 Hz, 3H, CH3). Anal.

Calcd C14H15N3O2 (257.29): C, 65.36; H, 5.88; N, 16.33; found: C,

65.54; H, 5.87; N, 16.37.

4.1.10 | General procedure for the synthesis
of compounds 11a,b

Compounds 11a,b were obtained from 10a,b through the same

procedures described for 7a,b. For these compounds, the mixture

was stirred at room temperature for 1–2 h and the final compounds

were purified by crystallization from cyclohexane.

1‐{5‐[(3‐Chlorophenyl)amino]‐6‐methoxy‐3‐phenylpyridazin‐4‐yl}

ethan‐1‐one (11a)

Yellow‐colored solid, mp = 124–126°C (CHX). Yield = 70%. 1H‐NMR

(400MHz, CDCl3) δ 7.79 (s, 1H, NH), 7.58‐7.49 (m, 5H, Ar), 7.29

(d, J = 8.8 Hz, 1H, Ar), 7.20 (d, J = 8.1 Hz, 1H, Ar), 7.03 (s, 1H, Ar), 6.94

(d, J = 8.1 Hz, 1H, Ar), 4.11 (s, 3H, CH3), 1.82 (s, 3H, CH3).
13C‐NMR

(100MHz, CDCl3) δ 156.09, 154.37, 140.04, 134.75, 134.16, 132.21,

130.88, 130.65, 130.14, 129.36, 129.31, 129.22, 129.02, 128.88,

126.37, 123.59, 121.68, 56.03, 31.74. MS‐ESI for C19H16ClN3O2

(calcd. 353.09), [M+H]+ at m/z 353.94, tR = 11.609. Anal. Calcd

C19H16ClN3O2 (253.81): C, 64.50; H, 4.56; N, 11.88; found: C, 64.68;

H, 4.57; N, 11.92.

1‐{5‐[(3‐Chlorophenyl)amino]‐6‐ethoxy‐3‐phenylpyridazin‐4‐yl}

ethan‐1‐one (11b)

Yield = 58%; mp = 118–120°C (CHX). 1H‐NMR (400MHz, CDCl3) δ

8.27 (exch br s, 1H, NH), 7.58–7.47 (m, 5H, Ar), 7.25–7.14 (m, 2H,

Ar), 6.94 (m, 2H, Ar), 4.55 (q, J = 7.0 Hz, 2H, CH2), 1.88 (s, 3H,

COCH3), 1.25 (t, J = 7.0 Hz, 3H, CH3). Anal. Calcd C20H18ClN3O2

(367.83): C, 65.31; H, 4.93; N, 11.42; found: C, 65.47; H, 4.93;

N, 11.47.

4.1.11 | General procedure for the synthesis
of compounds 13h‐j

The suitable 2‐ or 4‐substituted benzaldehyde (0.90mmol) was

added to a solution of 12a,b[27] (0.90 mmol) in 3.5 mL of KOH 5%

(w/v) in absolute EtOH and the mixture was refluxed under stirring

for 1–2 h. After cooling, the sample was concentrated in vacuo,

diluted with ice‐cold water (10–15mL) and acidified with 2N HCl.

The precipitate was recovered by suction and finally purified by

crystallization from ethanol.

4‐(3‐Chlorobenzyl)‐6‐(4‐fluorophenyl)pyridazin‐3(2H)‐one (13h)

Yield = 88%; mp = 184–185°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

11.25 (exch br s, 1H, NH), 7.72–7.65 (m, 2H, Ar), 7.31–7.08 (m, 7H,

Ar), 3.98 (s, 2H, CH2). Anal. Calcd C17H12ClFN2O (314.06): C, 64.87;

H, 3.84; N, 8.90; found: C, 64.99; H, 3.84; N, 8.92.

2‐[(3‐Oxo‐6‐phenyl‐2,3‐dihydropyridazin‐4‐yl)methyl]benzoic

acid (13i)

Yield = 56%; mp = 188–191°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

8.01 (m, 1H, Ar), 7.78–7.50 (m, 4H, Ar), 7.45 (m, 5H, Ar), 4.10 (s, 2H,
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CH2). Anal. Calcd C18H14N2O3 (306.32): C, 70.58; H, 4.61; N, 9.15

found: C, 70.47; H, 4.62; N, 9.17.

4‐[(3‐Oxo‐6‐phenyl‐2,3‐dihydropyridazin‐4‐yl)methyl]benzoic

acid (13j)

Yield = 60%; mp = 198–200°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

8.01 (s, 1H, Ar), 7.80–7.48 (m, 4H, Ar), 7.41 (m, 5H, Ar), 3.98 (s, 2H,

CH2). Anal. Calcd C18H14N2O3 (306.32): C, 70.58; H, 4.61; N, 9.15

found: C, 70.49; H, 4.61; N, 9.13.

4.1.12 | General procedure for the synthesis of
compounds 14a–h

A suspension of the suitable 13a–h[28–32] (0.86mmol), K2CO3

(1.72mmol), and ethyl bromide (1.72mmol) in anhydrous DMF

(2–3mL) was stirred at 80°C for 1 h. After cooling, the mixture was

diluted with cold water and the precipitate was recovered by suction.

For compounds 14a, 14d, and 14 g, the suspension was extracted

with CH2Cl2 (3 × 10mL) and, after evaporation of the solvent, the

final compounds were crystallized from ethanol.

4‐Benzyl‐2‐ethyl‐6‐phenylpyridazin‐3(2H)‐one (14a)

Yellow‐colored solid, mp = 102–104°C (EtOH). Yield = 40%. 1H‐NMR

(400MHz, CDCl3) δ 7.54 (d, J = 7.8 Hz, 2H, Ar), 7.28–7.21 (m, 5H, Ar),

7.17–7.13 (m, 3H, Ar), 7.10 (s, 1H, Ar), 4.20 (q, J = 7.2 Hz, 2H, CH2),

3.85 (s, 2H, CH2), 1.33 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR (100MHz,

CDCl3) δ 160.22, 144.35, 143.41, 137.53, 135.53, 129.66, 129.25,

128.96, 127.02, 126.89, 126.07, 47.59, 36.45, 13.81. MS‐ESI for

C19H18N2O (calcd. 290.14), [M+H]+ at m/z 291.01, tR = 17.402. Anal.

Calcd C19H18N2O (290.37): C, 78.59; H, 6.25; N, 9.65; found: C,

78.37; H, 6.24; N, 9.67.

2‐Ethyl‐4‐(3‐fluorobenzyl)‐6‐phenylpyridazin‐3(2H)‐one (14b)

Yellow‐colored solid, mp = 92–94°C (EtOH). Yield = 77%. 1H‐NMR

(400MHz, CDCl3) δ 7.70–7.67 (m, 2H, Ar), 7.48–7.37 (m, 4H, Ar),

7.32 (q, J = 6.0 Hz, 1H, Ar), 7.08 (d, J = 7.6 Hz, 1H, Ar), 7.02–6.95 (m,

2H, Ar), 4.33 (q, J = 7.2 Hz, 2H, CH2), 3.97 (s, 2H, CH2), 1.46 (t, J =

7.2 Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 144.34, 142.56,

140.09, 140.02, 135.39, 130.45, 130.37, 129.35, 129.00, 127.04,

126.07, 125.29, 125.26, 116.58, 116.37, 114.12, 113.91, 47.65,

36.23, 13.80. MS‐ESI for C19H17FN2O (calcd. 308.13), [M+H]+ at m/z

309.00, tR = 17.623. Anal. Calcd C19H17FN2O (308.36): C, 74.01; H,

5.56; N, 9.08; found: C, 74.22; H, 5.57; N, 9.06.

4‐(3‐Chlorobenzyl)‐2‐ethyl‐6‐phenylpyridazin‐3(2H)‐one (14c)

Yellow‐colored solid, mp = 117–119°C (EtOH). Yield = 46%. 1H‐NMR

(400MHz, CDCl3) δ 7.70–7.66 (m, 2H, Ar), 7.44–7.36 (m, 3H, Ar),

7.28–7.25 (m, 4H, Ar), 7.20–7.18 (m, 1H, Ar), 4.32 (q, J = 7.2 Hz, 2H,

CH2), 3.94 (s, 2H, CH2), 1.44 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR

(100MHz, CDCl3) δ 160.03, 144.34, 142.45, 139.62, 135.37, 134.69,

130.18, 129.59, 129.36, 129.01, 127.82, 127.29, 127.10, 126.08,

47.65, 36.18, 13.80. MS‐ESI for C19H17ClN2O (calcd. 324.10),

[M+H]+ at m/z 324.96, tR = 18.607. Anal. Calcd C19H17ClN2O

(324.81): C, 70.26; H, 5.28; N, 8.62; found: C, 70.50; H, 5.27; N, 8.60.

4‐(3‐Bromobenzyl)‐2‐ethyl‐6‐phenylpyridazin‐3(2H)‐one (14d)

Yellow‐colored solid, mp = 118–120°C (EtOH). Yield = 47%. 1H‐NMR

(400MHz, CDCl3) δ 7.69 (d, J = 5.6 Hz, 2H, Ar), 7.42 (d, J = 11.1 Hz,

6H, Ar), 7.25–7.20 (m, 3H, Ar), 4.31 (q, J = 7.2 Hz, 2H, CH2), 3.93

(s, 2H, CH2), 1.44 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3)

δ 160.02, 144.35, 142.43, 139.93, 135.37, 132.48, 130.47, 130.21,

129.37, 129.02, 128.29, 127.12, 126.09, 122.93, 47.66, 36.15,

13.80. MS‐ESI for C19H17BrN2O (calcd. 368.05), [M+H]+ at m/z

368.86, tR = 10.813. Anal. Calcd C19H17BrN2O (369.26): C, 61.80; H,

4.64; N, 7.59; found: C, 61.97; H, 4.66; N, 7.62.

2‐Ethyl‐4‐(3‐methoxybenzyl)‐6‐phenylpyridazin‐3(2H)‐one (14e)

Yellow‐colored solid, mp = 88–90°C (EtOH). Yield = 55%. 1H‐NMR

(400MHz, CDCl3) δ 7.68‐7.66 (m, 2H, Ar), 7.43–7.36 (m, 3H, Ar),

7.29–7.28 (m, 1H, Ar), 7.25 (s, 1H, Ar), 6.88–6.87 (m, 1H, Ar),

6.83–6.82 (m, 2H, Ar), 4.33 (q, J = 7.2 Hz, 2H, CH2), 3.95 (s, 2H,

CH2), 3.80 (s, 3H, OCH3), 1.46 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR

(100MHz, CDCl3) δ 160.21, 160.08, 144.39, 143.24, 139.11,

135.53, 129.95, 129.26, 128.96, 126.94, 126.10, 122.00, 115.35,

112.38, 55.37, 47.62, 36.44, 13.82. MS‐ESI for C20H20N2O2

(calcd. 320.15), [M+H]+ at m/z 320.97, tR = 17.354. Anal. Calcd

C10H20N2O2 (320.39): C, 74.98; H, 6.29; N, 8.74; found: C,

74.72; H, 6.28; N, 8.71.

2‐Ethyl‐4‐(2‐methoxybenzyl)‐6‐phenylpyridazin‐3(2H)‐one (14f)

Yellow‐colored solid, mp = 89–91°C (EtOH). Yield = 95%. 1H‐NMR

(400MHz, CDCl3) δ 7.67–7.63 (m, 2H, Ar), 7.42–7.36 (m, 3H, Ar),

7.28 (s, 1H, Ar), 7.27–7.26 (m, 1H, Ar), 7.19–7.18 (m, 1H, Ar),

6.98–6.91 (m, 2H, Ar), 4.33 (q, J = 7.2 Hz, 2H, CH2), 3.98 (s, 2H,

CH2), 3.80 (s, 3H, OCH3), 1.46 (t, J = 7.2 Hz, 3H, CH3).
13C‐NMR

(100MHz, CDCl3) δ 160.42, 157.82, 144.36, 142.77, 135.78,

131.61, 129.11, 128.91, 128.53, 126.45, 126.05, 125.72, 120.95,

110.77, 55.50, 47.51, 31.01, 13.83. MS‐ESI for C20H20N2O2 (calcd.

320.15), [M+H]+ at m/z 320.97, tR = 17.781. Anal. Calcd

C10H20N2O2 (320.39): C, 74.98; H, 6.29; N, 8.74; found: C, 74.76;

H, 6.27; N, 8.76.

2‐Ethyl‐4‐(naphthalen‐2‐ylmethyl)‐6‐phenylpyridazin‐3(2H)‐

one (14g)

Yield = 56%; oil. 1H‐NMR (400MHz, CDCl3) δ 7.87 (m, 3H, Ar), 7.49

(m, 6H, Ar), 7.31 (m, 3H, Ar), 6.96 (s, 1 H, Ar), 4.47–4.40 (m, 4H, 2 ×

CH2), 1.53 (t, J = 7.2 Hz, 3H, CH3). Anal. Calcd C20H20N2O (340.43):

C, 81.15; H, 5.92; N, 8.23; found: C, 81.40; H, 5.91; N, 8.24.

4‐(3‐Chlorobenzyl)‐2‐ethyl‐6‐(4‐fluorophenyl)pyridazin‐3(2H)‐

one (14h)

Yellow‐colored solid, mp = 127–129°C (EtOH). Yield = 74%. 1H‐NMR

(400MHz, CDCl3) δ 7.69–7.66 (m, 2H, Ar), 7.27 (s, 2H, Ar), 7.22–7.09

(m, 5H, Ar), 4.31 (q, J = 7.2 Hz, 2H, CH2), 3.94 (s, 2H, CH2), 1.44

(t, J = 7.2 Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 164.85,
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162.37, 159.88, 143.40, 142.66, 139.53, 134.72, 130.20, 129.58,

128.01, 127.92, 127.82, 127.34, 126.78, 116.12, 115.91, 47.65,

36.18, 13.79. MS‐ESI for C19H16ClFN2O (calcd. 342.09), [M+H]+ at

m/z 342.95, tR = 18.676. Anal. Calcd C19H16ClFN2O (342.80): C,

66.57; H, 4.70; N, 8.17; found: C, 66.76; H, 4.70; N, 8.19.

4.1.13 | Synthesis of 4‐(3‐chlorobenzyl)‐2‐ethyl‐6‐
phenylpyridazine‐3(2H)‐thione 15

To a suspension of 14c (0.37mmol) in anhydrous toluene (5mL)

1.11mmol of Lawesson's reagent were added and the mixture was

refluxed for 7 h. After cooling, the solvent was evaporated in vacuo.

The residue was diluted with cold water (15 mL) and extracted with

CH2Cl2 (3 × 15mL). After evaporation of the solvent, the final

product was purified by flash chromatography using toluene/ethyl

acetate 8:2 as eluent. Yield = 28%; mp = 81–83°C (EtOH). 1H‐NMR

(400MHz, CDCl3) δ 7.78 (m, 2H, Ar), 7.52 (m, 3H, Ar), 7.36 (m, 3H,

Ar), 7.28–7.14 (m, 1H, Ar), 7.06 (s, 1H, Ar), 4.95 (q, J = 7.2 Hz, 2H,

CH2), 4.26 (s, 2H, CH2), 1.63 (t, J = 7.2 Hz, 3H, CH3). Anal. Calcd

C19H17ClN2S (340.87): C, 66.95; H, 5.03; N, 8.22; found: C, 67.11; H,

5.04; N, 8.25.

4.1.14 | General procedure for the synthesis of
compounds 16a,b

Compounds 16a,b were obtained from 13i and 13j respectively,

through the same procedure described for 14a–h. The suspension

was extracted with CH2Cl2 (3 × 10 mL) and, after evaporation

of the solvent, the final compounds were recrystallized from

ethanol.

Ethyl 4‐[(2‐ethyl‐3‐oxo‐6‐phenyl‐2,3‐dihydropyridazin‐4‐yl)methyl]

benzoate (16a)

Yield = 64%; mp = 64–66°C (EtOH). 1H‐NMR (400MHz, CDCl3) δ

8.04 (d, J = 8.4 Hz, 2H, Ar), 7.66 (m, 2H, Ar), 7.43–7.35 (m, 5H, Ar),

7.24 (s, 1H, Ar), 4.41–4.28 (m, 4H, 2 × CH2), 4.04 (s, 2H, CH2),

1.49–1.36 (m, 6H, 2 × CH3). Anal. Calcd C22H22N2O3 (362.43): C,

72.91; H, 6.12; N, 7.73; found: C, 72.71; H, 6.14; N, 7.75.

Ethyl 2‐[(2‐ethyl‐3‐oxo‐6‐phenyl‐2,3‐dihydropyridazin‐4‐yl)methyl]

benzoate (16b)

Yellow‐colored solid, mp = 77–79°C (EtOH). Yield = 98%. 1H‐NMR

(400MHz, CDCl3) δ 8.01–7.98 (m, 1H, Ar), 7.63–7.61 (m, 2H, Ar),

7.53–7.49 (m, 1H, Ar), 7.39–7.33 (m, 5H, Ar), 7.11 (s, 1H, Ar),

4.36–4.24 (m, 6H, CH2), 1.46 (t, J = 7.2 Hz, 3H, CH3), 1.27 (t, J =

7.2 Hz, 3H, CH3).
13C‐NMR (100MHz, CDCl3) δ 167.39, 160.13,

144.34, 143.48, 138.74, 135.65, 132.51, 131.20, 130.84, 129.15,

128.90, 127.31, 126.51, 126.07, 61.22, 47.56, 34.92, 14.25, 13.83.

MS‐ESI for C22H22N2O3 (calcd. 362.16), [M+H]+ at m/z 362.97, tR =

10.065. Anal. Calcd C22H22N2O3 (362.43): C, 72.91; H, 6.12; N, 7.73;

found: C, 72.75; H, 6.13; N, 7.71.

4.1.15 | Synthesis of 4‐[(2‐ethyl‐3‐oxo‐6‐phenyl‐
2,3‐dihydropyridazin‐4‐yl)methyl]benzoic acid 17

A solution of 16a (0.27 mmol) in 6 mL of EtOH and 4mL of 6N NaOH

was stirred at room temperature for 1 h. After evaporation of the

solvent, cold water was added and the solution was acified with 6N

HCl. The precipitate was recovered by suction and recrystallized from

ethanol. Yellow‐colored solid, mp = 110–112°C (EtOH). Yield = 88%.
1H‐NMR (400MHz, CDCl3) δ 8.09 (d, J = 8.2 Hz, 2H, Ar), 7.69 (d, J =

8.1 Hz, 2H, Ar), 7.41 (d, J = 7.6 Hz, 5H, Ar), 7.28 (s, 1H, Ar), 4.34 (q, J =

7.2 Hz, 2H, CH2), 4.06 (s, 2H, CH2), 1.46 (t, J = 7.2 Hz, 3H, CH3).
13C‐

NMR (100MHz, CDCl3) δ 171.03, 160.12, 144.50, 143.84, 142.29,

135.25, 130.86, 129.74, 129.42, 129.03, 128.24, 127.29, 126.07,

47.78, 36.64, 13.80. MS‐ESI for C20H18N2O3 (calcd. 334.13), [M+H]+

at m/z 334.97, tR = 14.665. Anal. Calcd C20H18N2O3 (334.38): C,

71.84; H, 5.43; N, 8.38; found: C, 71.65; H, 5.42; N, 8.40.

4.2 | Pharmacological assays: FABP inhibitory
activity assays

A displacement test was used to evaluate the FABP4 ligands' inhibitory

efficacy in accordance with the Cayman's instructions for their FABP4

Inhibitor/Ligand Screening Assay Kit, item 10010231. The samples of

compounds to be tested for activity against FABP4 were prepared as

stock solutions (1mM) in DMSO. On the day of assay, the compounds

were all diluted in phosphate buffer solution (PBS, pH 7.4) to the

following concentrations: 100, 50, 10, 5, 2, 1, and 0µM. Appropriate

concentrations of DMSO in PBS were used as a control. The Cayman's

DR (FABP Assay Detection Reagent, Item 10010376) included in the kit

was utilized in the experiments. FABP4 protein from the kit was

combined with the DR, which was diluted before being incubated for

10min at room temperature. Then, after another 10min of equilibration,

compounds were introduced to record the activity. The fluorescence

signal was recorded at 470 nm (i.e., emission, with the excitation fixed at

370 nm) with a CytoFluor® Series 4000 Fluorescence Multi‐Well Plate

Reader. The IC50 was determined in accordance with the instructions in

the kit manual for Cayman Chemicals' FABP4 Inhibitor/Ligand Screening

Assay Kit (Item No. 10010231), which are as follows: (1) determine each

sample's average fluorescence; (2) by deducting the blank, determine the

background corrected fluorescence (BCF); (3) divide the BCF of each

sample by the maximum BCF and multiply by 100% (this is the value in

percent fluorescence units, i.e. % FU); 4) plot the % FU values against

the concentration of inhibitor/ligand used; 5) find the concentration of

inhibitor/ligand that corresponds to 50% FU, to determine IC50 values.

4.3 | Molecular docking

Marvin Sketch was used to create the 2D chemical structures, and the

same software's MMFF94 force field was used to apply molecular

mechanics energy minimization to each structure.[35] The three‐

dimensional (3D) geometry of all compounds was then optimized using
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the PM3 Hamiltonian,[36] as implemented in MOPAC 2016 package

assuming a pH of 7.0.[37] Once built and optimized, all structures were

used in the bioisostere replacement tool Spark 10.4.0.[36,38] The

replacement/growing was performed using the same 178,558 fragments

for each part; in particular, the fragments derive from ChEMBL and Zinc

databases with a protocol already reported and validated.[16,39–42] Using

AutoDock's default docking parameters and a validated protocol, docking

calculations were performed.[40] The setup was done with YASARA. The

Lamarckian genetic algorithm implemented in AutoDock was used for

the calculations. The ligand‐centered maps were generated by AutoGrid

with a spacing of 0.375Å and dimensions that encompass all atoms

extending 5Å from the surface of the ligand. All of the parameters were

inserted at their default settings. PDBid: 1TOU and 3WBG were

downloaded from the Protein Data Bank (www.rcsb.org), and used for

the calculations. MM/PBSA rescoring procedures were obtained by

using fastDRH as open access web server (http://cadd.zju.edu.cn/

fastdrh/overview, accessed on December 05, 2022).[43] The molecular

dynamics simulations of the complexes were performed with the

YASARA. A periodic simulation cell extending 10Å from the surface of

the protein was employed. The cell was filled with water, with a

maximum sum of all water bumps of 1.0Å and a density of 0.997 g/mL.

The setup included optimizing the hydrogen bonding network[44] to

increase the solute stability and a pKa prediction to fine‐tune the

protonation states of protein residues at the chosen pH of 7.4.[45] With

an excess of either Na or Cl to neutralize the cell, NaCl ions were

supplied at a physiological concentration of 0.9%. The simulation was run

using the ff14SB force field[46] for the solute, GAFF2,[47] AM1BCC[48] for

ligands, and TIP3P for water. The cutoff was 10Å for Van der Waals

forces (the default used by AMBER),[49] and no cutoff was applied to

electrostatic forces (using the Particle Mesh Ewald algorithm).[50] The

equations of motions were integrated with multiple time steps of 2.5 fs

for bonded interactions and 5.0 fs for nonbonded interactions at a

temperature of 298K and a pressure of 1 atm using algorithms described

in detail previously.[51] Short MD simulation was run on the solvent only

to remove clashes. The entire system was then energy minimized using a

steepest descent minimization to remove conformational stress, followed

by a simulated annealing minimization until convergence (<0.01 kcal/

mol Å). Finally, 100 ns MD simulation without any restrictions was

conducted, and the conformations were recorded every 200 ps.
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